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This study explored metronidazole and hydroxymetronidazole distribution in the cerebrospinal fluid (CSF) of brain-injured
patients. Four brain-injured patients with external ventricular drain received 500 mg of metronidazole over 0.5 h every 8 h. CSF
and blood samples were collected at steady state over 8 h, and the metronidazole and hydroxymetronidazole concentrations were
assayed by high-pressure liquid chromatograph. A noncompartmental analysis was performed. Metronidazole is distributed
extensively within CSF, with a mean CSF to unbound plasma AUC,,_, ratio of 86% = 16%. However, the concentration profiles
in CSF were mostly flat compared to the plasma profiles. Hydroxymetronidazole concentrations were much lower than those of
metronidazole both in plasma and in CSF, with a corresponding CSF/unbound plasma AUC,_, ratio of 79% = 16%. We describe
here for the first time in detail the pharmacokinetics of metronidazole and hydroxymetronidazole in CSF.

he blood-brain barrier (BBB) and blood-CSF barrier (BCSFB)

protect the brain from neurotoxic substances and control drug
distribution. Central nervous system (CNS) distribution studies
are essential to predict drug’s efficacy and/or side effects. Antibi-
otics may be used for the treatment of CNS infections but may also
induce undesirable excitatory side effects. Drug distribution in the
CNS has been traditionally assessed based on cerebrospinal fluid
(CSF) concentrations after lumbar puncture or external ventric-
ular drainage. However, these studies present a number of limits
that have recently been reviewed (1). More recently, microdialysis
was developed to measure brain extracellular fluid (ECF) concen-
trations of drugs as a better way to characterize CNS distribution
(2). However, brain microdialysis studies in humans are relatively
complex to perform, and limited data have been published (3, 4).
Interestingly, recent experimental studies have shown differences
between CSF and ECF concentrations for acetaminophen and
quinidine in rats (5, 6). In fact, despite similarities, BBB and
BSCEFB present structural differences (2) that may lead to distinct
brain ECF and CSF concentration-versus-time profiles. Compar-
isons between ECF and CSF concentrations have been reported in
animals (1, 5, 6) and, to our knowledge, in one previous study on
carbamazepine in humans (7). Metronidazole, a nitroimidazole
antibiotic, is indicated in cerebromeningeal infections by anaero-
bic bacteria (8), but it is also known to induce peripheral and
central side effects (9—12). Our goal was to perform a CSF distri-
bution study in patients and to compare CSF concentrations to
the ECF concentrations determined by brain microdialysis in an
accompanying study (13), using metronidazole and OH-metron-
idazole, an active metabolite of metronidazole, as representative
antibiotics with extensive CNS distribution.

MATERIALS AND METHODS

Patients. This study was performed at the University Hospital of Poitiers
(France) and was approved by the local ethics committee (CPP OUEST
111, protocol 2008-003311-12). Written informed consent was obtained
from a legal representative for each patient. Four brain-injured male pa-
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tients (three with subarachnoid hemorrhage [SAH] and one with ventric-
ular hemorrhage [VH]) were sedated with midazolam and fentanyl and
mechanically ventilated. The demographic characteristics of the patients
are presented in Table 1. Patients. have undergone external ventricular
drainage (EVD) using the EDS 3 CSF External Drainage System (Codman
& Shurtleff, Inc., Raynham, MA) due to noninflammatory occlusive hy-
drocephalus.

Drug administration and sampling. Patients received metronidazole
(B Braun, Boulogne Billancourt, France) and cefotaxime (Panpharma,
Boulogne Billancourt, France) to treat lung infection at respective dosing
regimens of 500 mg three times daily (tid) and 2 g three times daily. The
metronidazole CSF pharmacokinetic study was conducted at steady state
after 6 to 16 metronidazole administrations corresponding to 2 to 5 days
after starting treatment. On the day of the experiment, a 30-min intrave-
nous infusion containing 500 mg of metronidazole was started after col-
lection of residual CSF and blood samples. Eight to twelve CSF samples
and seven to ten blood samples were collected over 8 h. The blood sam-
ples were centrifuged, and plasma was collected. Two extra plasma sam-
ples were collected, one early and one later postdosing, to determine the
metronidazole and OH-metronidazole unbound concentrations by ultra-
filtration at 2,500 X g for 15 min at 4°C (Centrifree; Millipore Corp.,
Billerica, MA). The unbound fractions were determined for each com-
pound and for each patient as the mean value of the unbound to total
concentrations ratios estimated in these two extra plasma samples.

Metronidazole and OH-metronidazole assay. Metronidazole and
OH-metronidazole concentrations were determined by high-perfor-
mance liquid performance (HPLC) with UV detection (310 nm) as pre-
viously described (13). Briefly, the mobile phase was a solution of 0.01 M
KH,PO, mixed with acetonitrile (86/14 [vol/vol]) at a flow rate of 0.4
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TABLE 1 Demographic characteristics of patients (n = 4)

Patient

Parameter P1 P2 P3 P4
Age (yrs) 73 51 52 34
Sex M M M M
Ht (cm) 178 176 180 175
Wt (kg) 90 80 115 75
Creatinine clearance” (ml min™"') 165 84 141 306
Plasma proteins (g liter ") 61 53 66 57
No. of previous administrations 6 6 14 16
Admission type SAH SAH VH SAH

@ Calculated by using the MDRD (modification in diet of renal disease) equation.

ml/min. Brain dialysates and ultrafiltrate (UF) samples were injected di-
rectly onto an Xterra C, 4 column after dilution with an internal standard
solution of dimetridazole. The dialysate and UF metronidazole and OH-
metronidazole intra- and interday variabilities were respectively charac-
terized at four (0.25, 0.5, 2, and 20 g ml 1) and three (0.5, 2, and 15 g
ml ') concentrations and were always <15%. Plasma samples were pre-
cipitated by using acetonitrile containing an internal standard. The
plasma intra- and interday variabilities were respectively characterized at
four (1, 2, 10, and 40 wg ml ') and three (1, 5, and 30 wg ml~ ') concen-
trations and were always <15%.

Noncompartmental analysis. Unbound plasma concentrations were
used for pharmacokinetic analysis, whereas binding was considered to be
negligible in CSF (14). Individual noncompartmental pharmacokinetic
analysis was performed (Phoenix WinNonlin version 6.2; Pharsight, St.
Louis, MO) as previously described (13). The areas under the plasma and
brain ECF unbound concentration-time curves from dosing time to the
dosinginterval (AUC,_,) were calculated using the linear trapezoidal rule.
The elimination rate constant k. and the corresponding half-lives (t,,,)
were determined by a least-squares fit of data points (log concentration
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time) in the terminal phase of the decline. The steady-state unbound body
clearance of cefotaxime (CL, ,) and volume of distribution (V, ) were

calculated according to standard procedures. The results are expressed as
means * the standard deviations.

ss,u)

RESULTS

The estimated mean unbound fractions (f,,) of metronidazole and
OH-metronidazole in plasma were 89.3% = 5.6% and 88.0% =
6.9%, respectively, and were independent of concentrations. The
individual unbound plasma and CSF metronidazole and OH-
metronidazole profiles are presented on Fig. 1. Metronidazole un-
bound concentrations at steady-state fluctuated between mean
maximal and minimal concentrations of 21.7 = 7.1 and 7.7 = 4.4
pg ml ™', with an average concentration (C,yerage = AUC, _,/7) of
12.7 = 45 pg ml ™" in plasma, whereas in CSF concentrations the
profiles did not exhibit a clear peak and were mostly flat, with an
average steady-state unbound concentration of 11.0 = 5.0 pg
ml~" (Fig. 1). The mean unbound metronidazole CSF/unbound
plasma AUC,,_, ratio was 86% * 16% (Table 2). For OH-metro-
nidazole, the unbound plasma concentrations represent only 20%
of the corresponding metronidazole values, which is unlikely to
contribute significantly to the antimicrobial effect. Both unbound
plasma and CSF concentration-versus-time profiles were virtually
flat (Fig. 1), and the mean unbound OH-metronidazole CSF to
unbound plasma AUC,_, ratio was 79% = 16% (Table 2). All of
the pharmacokinetic parameters are presented in Table 2.

DISCUSSION

The metronidazole systemic pharmacokinetic parameters values
(Table 2) are consistent with those estimated during the micro-
dialysis study (13). Although CNS distribution of metronidazole
is generally considered to be extensive (15, 16), this is the first
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FIG 1 Individual steady-state unbound plasma concentrations of metronidazole (@, full line), OH-metronidazole (A, dashed line), CSF metronidazole (O, full
line), and hydroxymetronidazole (A, dashed line) concentrations after a 500-mg metronidazole infusion over 30 min every 8 h in critical care patients. In patient
3, the unbound plasma concentrations of OH-metronidazole were not determined due to analytical interference.
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TABLE 2 Pharmacokinetic parameters determined at steady state by noncompartmental analysis in critical care patients receiving 30-min

intravenous infusions of 500 mg of metronidazole every 8 h

Metronidazole pharmacokinetic parameter

CSF/unbound plasma AUC,_, ratio

Patient” Vi, (liters) CL,,,, (litersh™") £1/2, plasma () Metronidazole OH-metronidazole
Individual patients

P1 43 5.2 6.1 0.91 0.87

P2 89 3.7 16.4 1.05 0.89

P3 42 9.5 3.1 0.80 NAY

P4 31 4.1 5.7 0.67 0.61
Mean data

Mean 51 5.6 7.8 0.86 0.79

SD 26 2.6 5.9 0.16 0.16

@ Both individual and mean patient data are presented.
? NA, not available.

study to explore the CSF distribution of metronidazole and OH-
metronidazole in brain-injured patients with EVD and unin-
flamed meninges. Previously published studies on metronidazole
CSF penetration in human (17-22) have mostly been performed
using nonspecific microbiological assay procedures, thus not dis-
tinguishing between metronidazole and OH-metronidazole (17—
20). Nevertheless, a first case report in adult with meningitis, using
HPLC as the analytical method, determined the metronidazole
CSF concentration after the administration of 500 mg/6 h, but
concomitant plasma concentrations were not reported (22). A
second case report in a premature infant with bacterial meningitis
reported results consistent with ours, in particular with a CSF/
plasma concentration ratio close to 1 (21).

In the present study, metronidazole demonstrates an extensive
penetration through BCSFB, as suggested through the BBB using
brain microdialysis, when a mean metronidazole unbound brain
to plasma AUC,_, ratio of 102% = 19% was found (13). These
results are consistent with the fact that metronidazole is not
known to be a substrate of efflux transport systems at the CNS
level. For OH-metronidazole, the mean CSF/plasma AUC,_, ratio
was 79% * 16% (Table 2). However, the metronidazole concen-
tration profiles in ECF and CSF were different. Indeed, concentra-
tion-time curves in brain ECF were delayed compared to un-
bound plasma concentration-time curves, but a peak was still
visible within ECF, with a mean maximal concentration equal to
14.5 + 1.2 pg ml ™" (13), whereas the CSF concentration-versus-
time profiles were essentially flat, with a mean steady-state con-
centration close to 11 ug ml™'. Consequently, it was possible to
estimate a metronidazole half-life in brain ECF by microdialysis
(4.5 = 0.2 h) that was not significantly different from that in
plasma (6.3 = 2.2 h) (13), whereas the metronidazole half-life in
CSF could not be determined. Moreover, the absence of a peak is
likely to have consequences on the antimicrobial efficacy of con-
centration-dependent antibiotics such as metronidazole, where
the peak level and AUC parameters determine antimicrobial in
vivo efficacy (23), as well as on excitatory side effects.

It should also be mentioned that differences observed between
CSF and ECF metronidazole profiles must be interpreted with
caution. First, although interpatient variability was not particu-
larly large, the present study was conducted with a small number
of patients (n = 4). However, and more importantly, differences
observed between ECF and CSF profiles during these two studies
could be due to differences between BBB and BCSFB, since respec-
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tive patients also differed in terms of their physiopathology. Only
patients recruited in this CSF distribution study required EVD for
intracranial hypertension, and these hemodynamic alterations
may influence BCSFB permeability, CSF turnover, and eventually
the metronidazole CSF distribution. Furthermore, EVD itself
constitutes an extra route of drug elimination. Physiologically
based pharmacokinetic approaches will be used to clarify these
issues.

This study is the first to describe the pharmacokinetics of met-
ronidazole and OH-metronidazole in CSF. Metronidazole and
OH-metronidazole are distributed extensively within CSF, but the
concentration-versus-time profiles are relatively flat compared to
the brain ECF concentrations estimated by microdialysis (13).
Metronidazole penetrates extensively within the brain, a finding
consistent with passive diffusion. However, CSF and ECF concen-
tration-versus-time profiles are not superimposable, and there-
fore CSF distribution studies should not be used to predict the
concentrations of these type of drugs in brain tissue.
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